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Abstract This paper examines if shell oxygen isotope
ratios (d18Oar) of Unio sp. can be used as a proxy of past
discharge of the river Meuse. The proxy was developed
from a modern dataset for the reference time interval 1997–
2007, which showed a logarithmic relationship between
discharge and measured water oxygen isotope ratios
(d18Ow). To test this relationship for past time intervals,
d18Oar values were measured in the aragonite of the growth
increments of four Unio sp. shells; two from a relatively
wet period and two from a very dry time interval (1910–
1918 and 1969–1977, respectively). Shell d18Oar records
were converted into d18Ow values using existing water
temperature records. Summer d18Ow values, reconstructed
from d18Oar of 1910–1918, showed a similar range as the
summer d18Ow values for the reference time interval 1997–
2007, whilst summer reconstructed d18Ow values for the
time interval 1969–1977 were anomalously high. These
high d18Ow values suggest that the river Meuse experi-
enced severe summer droughts during the latter time
interval. d18Ow values were then applied to calculate dis-
charge values. It was attempted to estimate discharge from
the reconstructed d18Ow values using the logarithmic
relationship between d18Ow and discharge. A comparison
of the calculated summer discharge results with observed
discharge data showed that Meuse low-discharge events
below a threshold value of 6 m3/s can be detected in the
reconstructed d18Ow records, but true quantification
remains problematic.
Keywords Bivalvia  Droughts  Oxygen isotopes 
Sclerochronology  Unio
Introduction
The Meuse is one of the major rivers in the Netherlands.
It is a rain-fed river characterised by a pronounced rain-
fall-evaporation regime causing low discharge in summer
and high discharge in winter (De Wit et al. 2007). Its
33,000 km2 basin drains the northeast of France and
eastern Belgium. The average discharge at Borgharen
(Fig. 1) is 274 m3/s; highest peak discharges exceed
3000 m3/s and low-flow events can be less than 4 m3/s.
Floods (e.g. 1993 and 1995) and droughts (e.g. 1976 and
2003) do occur, and both are expected to become more
frequent due to an increase in precipitation extremes
caused by climate change (Bu¨rger 2002; Gregory et al.
1997; Pfister et al. 2004; Ward et al. 2008). Large flood
events mainly occur during the winter season when
freshwater mussels do not grow. Severe drought in the
Meuse hinterland generally occurs during the summer-
autumn time interval, which results in low Meuse river
discharge. These droughts limit water availability for
many purposes, including agriculture and the cooling of
power plants. In addition, water quality deteriorates dur-
ing episodes of droughts, threatening drinking water
supplies and impacting on river ecology (Van Vliet and
E. A. A. Versteegh (&)  H. B. Vonhof  S. R. Troelstra
Department of Earth Sciences, VU University Amsterdam,
De Boelelaan 1085, 1081 HV Amsterdam, The Netherlands
e-mail: emma.versteegh@vub.ac.be
Present Address:
E. A. A. Versteegh
Department of Geology, Vrije Universiteit Brussel,
Pleinlaan 2, 1050 Brussels, Belgium
D. Kroon
School of GeoSciences, University of Edinburgh,
West Mains Road, Edinburgh EH9 3JW, Scotland, UK
123
Int J Earth Sci (Geol Rundsch)
DOI 10.1007/s00531-010-0551-0
Zwolsman 2008). Reduced discharge, and the associated
changes in water chemistry, can potentially be recorded
by freshwater bivalve shells.
In order to improve our understanding of river dynamics
and to predict impacts of future climate change, it is
important to gain insight into past discharge variability and
the frequencies of floods and droughts. The instrumental
Meuse discharge record only goes back to the early
twentieth century. Therefore, it is crucial to develop
proxies for river discharge prior to the period of instru-
mental record.
A likely candidate for such a proxy is the stable oxy-
gen isotope ratio of the shells of unionid freshwater
bivalves growing in rivers. These records have been
previously demonstrated to be a useful proxy for past
rainfall patterns, water source, or river discharge (Gajurel
et al. 2006; Kaandorp et al. 2005; Ricken et al. 2003). In
this study, the possibilities and limitations of using
unionid aragonite oxygen isotope ratios (d18Oar values) as
a proxy for past river discharge in the river Meuse are
investigated. Shell aragonite is precipitated in annual
growth increments, which are clearly visible in dorso-
ventral sections of the shell. Shell aragonite of many
freshwater bivalve species is deposited in oxygen isotopic
equilibrium with the ambient water (Dettman et al. 1999;
Goewert et al. 2007; Kaandorp et al. 2003). Analysing
growth increments at high-spatial resolution can thus
reveal seasonal patterns in d18Oar. Unionids cease grow-
ing below a certain temperature threshold (Dettman et al.
1999; Dunca and Mutvei 2001; Goewert et al. 2007),
which is *12–13C for the species used here (Negus
1966; Versteegh 2009). Therefore, only summer condi-
tions can be recorded in the shell, and winters are rep-
resented by hiatuses.
It has previously been established that freshwater
bivalve d18Oar values can be used as a proxy for past water
compositions during summer by showing that aragonite in
modern shells is precipitated in isotopic equilibrium with
the ambient water (Dettman et al. 1999; Dettman et al.
2004; Goewert et al. 2007). However, no attempt has yet
been made to calculate water d18O (d18Ow) values from
d18Oar values with the aim of reconstructing river dis-
charges. Therefore, this study aims to: (1) investigate
whether d18Ow values can be used as a proxy for discharge
using a dataset of measured d18Ow values and discharge
values from the time interval 1997–2007; (2) reconstruct
d18Ow values for a wet time interval (1910–1918) and a
very dry time interval (1969–1977) on the basis of mol-
luscan d18Oar records; (3) use reconstructed d
18Ow (d
18Owr)
values to estimate river discharge values and to compare
these with measured river discharge during the same two
selected time intervals.
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Fig. 1 Map of the river Meuse
in the Netherlands. Shell
collection sites are black dots;
Rijkswaterstaat gauging stations
are circles. (Made with Online
Map Creation: http://www.
aquarius.geomar.de/)
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Materials and methods
Freshwater mussels
Freshwater mussels of the genus Unio are abundant in
freshwater bodies in the Netherlands. They form shells up
to 12.5 cm in length and can live for up to 15 years
(Gittenberger et al. 1998). Three species are studied here:
U. crassus, which became extinct in the Netherlands
in 1968 (Gittenberger et al. 1998); U. Pictorum; and
U. tumidus.
Shell collection
Four twentieth-century shells from the river Meuse were
taken from museum and private collections. The mussels
were all collected alive, and therefore these shells can be
temporally aligned with the available instrumental records
of water temperature and discharge of the river Meuse.
Two sets of shells were collected in different locations:
two specimens were collected in 1918 in Beegden and
Bergen; and two specimens were collected in 1977 in
Vierlingsbeek and Waalwijk. For specifications of all
specimens and collection sites, the reader is referred to
Fig. 1 and Table 1. Unfortunately, any shells collected
during the reference time interval (1997–2007) proved
unsuitable for further analysis, because they originated
not from the river itself, but a connected lake, or growth
increments were too narrow to be identified up to the
ventral margin.
Collection of river-data
Water temperature and discharge variability (river dis-
charge: Fig. 2) have been measured since the beginning of
the twentieth century by Rijkswaterstaat (Dutch Director-
ate for Public Works and Water Management; http://www.
waterbase.nl/). Temperature data for the d18Ow recon-
struction were taken from the gauging stations closest to
the collection sites. For the Bergen 1918 shell, the closest
gauging station is Borgharen; for the Vierlingsbeek 1977
shell this is Sambeek; and for the Waalwijk 1977 shell
temperature data from Heesbeen were used (Fig. 1). Dis-
charge data were used from the gauging station at
Borgharen.
The only continuous multi-year d18Ow record for the
river Meuse has been measured at Eijsden during the time
interval 1990–2007 (Fig. 1). This dataset was obtained
from the Centre for Isotope Research, University of
Groningen (Fig. 3). Comparison of this dataset with Meuse
d18Ow values measured at Lith, which lies * 160 km
downstream from Eijsden, during one year (June 2006-July
2007), showed that d18Ow values measured at Eijsden and
Lith during the same time period correlate well (Versteegh
2009).
Sampling and analysis of shells
Shells were embedded in epoxy resin and sections of
300 lm were cut perpendicular to the growth lines,
along the dorso-ventral axis of the shell (Fig. 1a–b).
The nacreous layer of the shell was sampled with a
Merchantek Micromill microsampler. Drill bit diameter
was * 800 lm and sampling resolution was 100–500 lm
corresponding to a time span of between 6 days
and [ 2 months, depending on growth rate. Drilling depth
was * 250 lm. Samples were analysed for d18Oar values
either on a Finnigan MAT 252 mass spectrometer
equipped with a Kiel II device or a Finnigan Delta ?
mass spectrometer with a GasBench II. On both systems,
the long-term standard deviation of a routinely analysed
in-house CaCO3 standard was \ 0.1 %. This CaCO3
standard is regularly calibrated to NBS 18, 19, and 20
(National Institute of Standards and Technology). Typical
sample size for the MAT 252 system lies at 10–20 lg.
For the Delta ? system, samples of 20–50 lg are
required. Occasional duplicate analyses confirmed that
these two systems gave comparable results.
Calculation of d18Owr values
For the calculations of d18Owr, the equation of Grossman
and Ku (1986) as modified by Dettman et al. (1999) was
used:
1000 ln a ¼ 2:559ð106T2Þ þ 0:715 ð1Þ
where T is the water temperature in degrees Kelvin and a is
the fractionation between water and aragonite described
by:
aaragonitewater ¼
1000 þ d18OarðVSMOWÞ
 
1000 þ d18OwðVSMOWÞ
  ð2Þ
where ar is shell aragonite and w is water.
Table 1 Specimens collected (data of the Bergen 1918) shell were
previously published by Verdegaal et al. (2005)
Year River Location Species
1918 Meuse Beegden Unio tumidus
1918 Meuse Bergen Unio crassus
1977 Meuse Vierlingsbeek Unio pictorum
1977 Meuse Waalwijk Unio pictorum
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d18Ow values are reported relative to VSMOW, whereas
d18Oar values are reported relative to VPDB (Coplen 1996).
d18Oar (VSMOW) values were converted to d
18Oar (VPDB)
using the equation of Gonfiantini et al. (1995):
d18OarðVSMOWÞ ¼ 1:03091 1000 þ d18OarðVPDBÞ
 
 1000 ð3Þ
Results
River data
The complete discharge record from Borgharen, covering
the time interval November 1911–2007, is shown in Fig. 2.
Both the maximum discharge values and the minimum
discharge values show marked seasonal dry and wet
intervals. The shells studied here grew in either an interval
with relatively high summer discharge values (1910–1918)
or a time interval with exceptionally low-discharge values
(1969–1977). These two time intervals are shown in the
insets of Fig. 2.
To facilitate qualitative comparison with the d18Owr output,
the mean, minimum and maximum discharges for the shell
growing season (April–October; Versteegh 2009) of each year
were calculated. Subsequently, the years were classified into
five discharge classes by applying k-means cluster analysis on
the natural logarithm of these values. These classes were
labelled ‘‘very high’’, ‘‘high’’, ‘‘normal’’, ‘‘low’’ and ‘‘very low’’
(Fig. 4). The two lowest minimum discharge classes (‘‘low’’
and ‘‘very low’’) represent summers in which the minimum
discharge was B 6 m3/s. For the time intervals 1912–1918 and
1969–1977, this classification is shown in Fig. 4.
From the discharge record, it appears that discharges
were high during the time interval 1910–1918. In the years
1916, 1917 and 1918, the Meuse experienced very high
Fig. 2 Discharge (Q) of the
Meuse for the time interval
November 1911 to Dec 2007.
Considerable long-term
variation in both maxima and
minima is visible. Blown-up
figures show discharges for the
time intervals in which the
shells grew. The time interval
1912–1918 has several high-
discharge summers (e.g. 1916
and 1917), whereas the time
interval 1969–1977 generally
has very dry summers and
exhibits several severe summer
droughts (e.g. 1971 and 1976)
Int J Earth Sci (Geol Rundsch)
123
mean discharges and very high minimum discharges; the
latter was also the case for the years 1913, 1914 and 1915
(Fig. 4). In contrast, during the time interval 1969–1977, the
Meuse experienced several extremely dry summers with
minima B 2 m3/s: 1969, 1971, 1973, 1974, 1976 and 1977,
whereby during the year 1976 the seasonal mean and max-
imum was also very low. The year 1976 was exceptionally
dry and hot (Ko¨nnen and Fransen 1996) and had the longest
time interval with extremely low discharges of the entire
record for 1912–2007 (Fig. 4). The reference time interval
for which d18Ow values are available (1997–2007) is mainly
characterised by low mean summer discharges, with average
minimum discharges. The summer of 2003 was the second
driest in the 1912–2007 record. This resulted in very low
discharge of the Meuse. In spite of this, both discharge and
d18Ow values have a sufficient range to calculate their rela-
tionship from this record (see discussion).
Measured d18Oar values in shells
The d18Oar records of the shells show the truncated sinusoidal
pattern typical for seasonal growth (Fig. 5a–d). One year of
growth is represented by a wide summer trough and a narrow
positive peak. This narrow peak corresponds to d18Oar values
precipitated during slow growth just prior to and shortly after
the winter growth cessation (Dettman et al. 1999; Goodwin
et al. 2003; Versteegh et al. 2009). In these shells, d18Oar
values vary between -4.7 and -7.5 % (VPDB), which is
representative for the river Meuse (Verdegaal et al. 2005;
Versteegh et al. 2009). The total number of growing seasons
recorded in the shells varies between two in Waalwijk 1977
(Fig. 5d) and over 14 in Beegden 1918 (Fig. 5a).
Discussion
In order to test the applicability of unionid d18Oar values as a
proxy for river d18Ow values and, ultimately, discharge,
it is necessary to first determine if there is a detectable
relationship between these two variables. Subsequently,
river d18Ow values during the lifetime of the shell are
Fig. 3 Discharge (Q) measured
at Borgharen and seasonal
d18Ow values sampled at
Eijsden (raw data in grey and
re-sampled data (simple cubic
spline, 30 day resolution) in
black) for the river Meuse
during the time interval
1997–2007
Year minimum mean maximum
hgih yrev2191
1913
hgih4191
1915
lamron6191
1917
wol8191
wol yrev9691
1970
1971
1972
1973
1974
1975
1976
1977
Fig. 4 Discharges categorised in five classes with respect to mean,
minimum and maximum discharges during the season April–October
1912–1918 and 1969–1977 at Borgharen. For 1910 and 1911, no
discharge data were available
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reconstructed and finally an estimation river discharge is
attempted.
Empirical relationship between d18Ow values
and discharge
The measured d18Ow record for the period 1990–2007
contains several hiatuses during the years 1990–1997,
which inhibit a comprehensive comparison of the rela-
tionship between d18Ow and discharge. However, the time
interval 1997–2007 is suitable for such an exercise. The
focus therefore lies on the interval 1997–2007, for which
the data are complete, to model the relationship between
d18Ow and discharge values. The 1997–2007 record shows
that the Meuse had an average d18Ow value of -7.1 %
(VSMOW) with summer maxima of -6.0 to -6.5 %
(VSMOW) and winter minima of -7.7 to -8.4% (VSMOW;
Fig. 3). Some extreme high and low summer discharge
events can be recognised in the d18Ow record: the relatively
high discharge time intervals during the summers of 2000
and 2001 coincided with the two lowest summer d18Ow
peaks, and the very dry summer of 2003 resulted in
extremely high peak d18Ow values (Fig. 3).
To evaluate whether a quantifiable relationship between
d18Ow and discharge exists, these variables were used for
constructing a correlation diagram (Fig. 6). The relation-
ship between d18Ow and discharge (Q) is logarithmic,
because the differences between mean and minimum and
mean and maximum discharge within one year are both
about an order of magnitude. In addition, discharge cannot
have a negative value. The logarithmic relationship has the
following equation (full data set):
d18Ow ¼ 0:315  ln Q  5:592
ðR2 ¼ 0:60; p \ 0:0005Þ ð4Þ
This relationship is particularly interesting for the
summer time interval, since the mussels studied precipitate
their shells only during summer (April–October; Negus
1966; Versteegh 2009). For the summer data, this relation-
ship has the following equation:
d18Ow ¼ 0:291  ln Q  5:659
ðR2 ¼ 0:44; p \ 0:0005Þ ð5Þ
The logarithmic regressions approximate the data points
well using the full dataset or only the summer data (for
Fig. 5 d18Oar records of the four shells: a Beegden 1918 (Unio
tumidus), b Bergen 1918 (U. crassus), c Vierlingsbeek 1977 (U.
pictorum), d Waalwijk 1977 (U. pictorum). All shells show a
truncated seasonal pattern with sharp upward pointing peaks
reflecting winter growth stops and low values reflecting summer
growth seasons. d18Oar data of the Bergen 1918 shell have previously
been published by Verdegaal et al. (2005)
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statistics of linear and quadratic regressions see Table 2).
However, the variance of data points is * 1 % for a given
discharge value. The data used to construct Fig. 6 have a
minimum discharge value of 9 m3/s and a maximum of
842 m3/s (during this time interval lower discharges
(C 5.7 m3/s) occurred, but not on the dates that d18Ow
measurements were taken, whereas the total discharge
variation during the summers from November 1911 to 2007
ranged from \ 2 to 2000 m3/s. Because the relationship
between discharge and d18Ow is logarithmic, d
18Ow values
will only differ slightly between the normal to extremely
high summer discharge situations. Therefore, it is not
possible to detect and reconstruct high summer discharges
reliably. In the low to extremely low-discharge situations,
however, d18Ow values will show a significant shift towards
higher values, enabling detection of summer droughts in the
river Meuse (Fig. 6).
Reconstructed d18Ow records
For reconstruction of d18Ow values and subsequent linking
of the d18Owr patterns to known river discharge variation,
first a calendar year needed to be assigned to each indi-
vidual growing season in the shell d18Oar records. Due to
the ontogenetic decrease in the growth rate, growth incre-
ments were narrower in the adult shell and in some cases
could not be resolved with the Micromill sampling tech-
nique used here. This was the case for the Beegden 1918
shell (Fig. 5a). In this shell, the growth seasons could not
be identified up to the ventral margin and thus calendar
years could not be assigned to the seasons. Therefore, this
shell was excluded from the d18Ow reconstructions. The
other three shells exhibited high growth rates throughout
their lives, which made them useful for the d18Ow recon-
structions presented here.
d18Ow values were calculated from measured d
18Oar
values and water temperatures, using Eqs. 1–3. It has
previously been established that growth starts when water
temperature rises above 13.5C and ceases when water
temperature falls below that temperature (Versteegh 2009).
These temperatures were used to determine the dates of
onset and cessation of growth for each year. It is likely that
intra-seasonal growth is non-linear. However, since no
robust growth model is available yet for these species,
intra-seasonal growth was assumed to be linear. In order to
clearly visualise the range of d18Owr values, these data
were plotted per season by means of a box-whisker dia-
gram (Fig. 7a–c). From the 1997–2007 d18Ow dataset,
measurements of the months April to October (the growth
season of the shells) were selected. The 2, 5, 25, 75, 95, and
98% percentiles of these data were calculated (Fig. 7a–c),
in order to compare instrumental d18Ow data with the
d18Owr values.
Molluscan d18Oar as a recorder of low summer
discharge
As described earlier, low summer discharges can be
recognised in river d18Ow values and are potentially
recorded by unionids; this is not the case for high summer
discharges. The focus therefore lies on the low to extre-
mely low-discharge events that occurred during the life-
time of the 1998 and 1977 shells (the 2 lowest classes in the
minimum discharge record).
In both the Vierlingsbeek 1977 and the Waalwijk 1977,
the majority of d18Owr values range above the 95% per-
centile of 1997–2007 data (representing 5% highest val-
ues), and in 1975, 1976 and 1977 d18Owr values even range
above the 98% percentile of 1997–2007 (representing 2%
highest values) (Fig. 7b–c). This suggests that d18Owr
values from unionid shells are a useful proxy for summer
Fig. 6 Correlation of discharge (Q) and d18Ow values for the Meuse
during the years 1997 to 2007 for all months (circles) with a
logarithmic fit (light grey line) with equation: d18Ow ¼ 0:315 
ln Q  5:592 (R2 = 0.60; p \ 0.0005) and for the growing season of
the shells (squares) with a logarithmic fit (dark grey line) with
equation d18Ow ¼ 0:291  ln Q  5:659 (R2 = 0.44; p \ 0.0005)
Table 2 Equations and statistics for different fits between d18Ow
values and discharge in the Meuse
Equation R2
Full data set
Y = - 0.00151 * X - 6.771 0.502
Y = - 0.314 * ln X - 5.594 0.601
Y = - 6.609 - 0.00342 * X ? 0.00000263 * X2 0.582
Only summer
Y = - 0.00192 * X - 6.675 0.409
Y = - 0.290 * ln X - 5.664 0.459
Y = - 6.558 - 0.00368 * X ? 0.00000251 * X2 0.464
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low-discharge events. However, the proxy does not appear
to work in all years: during 1972 d18Owr values range
above the 95% percentile, whereas minimum discharge
was normal during that year; the year 1974 did have a very
low minimum discharge, but d18Owr values do not range
above the 95% percentile (Fig. 7b). Possible causes for the
failure to detect low-discharge events can be: (1) this low-
discharge summer was not accompanied by high d18Ow
values in the river or (2) the shell experienced a temporary
growth shutdown due to an environmental disturbance. If
this type of temporary growth shutdown is indeed the case,
and occurs often, this poses a serious problem for the
reliability of the proxy. Erroneous recording of a low-dis-
charge season might happen when a shell grew in an
environment relatively isolated from the riverbed, experi-
encing a large influence of local evaporation. The use of a
larger set of shells would enable us to distinguish between
these possibilities.
Quantitative reconstruction of summer discharge
To investigate if past Meuse discharges can be quantified,
reconstructed discharges were calculated using Eq. 5.
Because of the focus on the low-discharge situation,
reconstructed and measured discharges are plotted on a
logarithmic scale (Fig. 8a–c). Correlations between mea-
sured and reconstructed discharge are very poor in all three
shells (Table 3). Visual comparison in Fig. 8 confirms
that high-discharge events cannot be reconstructed. In the
cases of the years 1917 and 1918 reconstructed dis-
charge values are much higher than ever recorded in the
Meuse. The quantitative reconstruction of low-discharge
appears accurate in the years 1970, 1972 and 1973 in the
Vierlingsbeek shell. The other dry summers appear to show
the correct lower boundary of discharge values but not with
the correct timing (e.g. 1969 and 1976 in the Vierlingsbeek
shell and 1976 and 1977 in the Waalwijk shell). This tim-
ing discrepancy probably occurs because of the assumption
of linear intra-seasonal growth, which is not likely for
Unionidae (Howard 1922; Negus 1966; Versteegh 2009).
Another complicating factor is that there is no absolute
certainty about the assignment of calendar years to parts
of the shell d18Oar records. The reconstruction and
true quantification of low-discharge events in the Meuse
remains problematic for two main reasons: the variance of
the discharge-d18Ow relationship is considerable, because
multiple factors (such as source area of the precipitation or
local evaporation) may play a role; and d18Oar values might
not always reflect d18Ow values in the main river channel,
because local habitats may differ in, for example, their
connection to the river or the influence of evaporation.
Sampling a larger number of shells would possibly clarify
this latter issue.
Conclusions
Due to global warming, extreme precipitation events are
expected to become more frequent in the Meuse basin,
Fig. 7 Box-whisker diagrams showing reconstructed d18Ow records
per season for three shells from the Meuse. Colours of the boxes
indicate if discharge was very high (dark blue), high (light blue),
normal (white), low (light yellow) or very low (dark yellow) (see
Fig. 4). In the background, dark to light grey areas indicate 2, 5, 25,
75, 95 and 98% percentiles of d18Ow values during the growing
season (April–October) of the 1997–2007 record. a Bergen 1918
(Unio crassus), b Vierlingsbeek 1977 (U. pictorum), c Waalwijk 1977
(U. pictorum)
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probably leading to extremely low and high discharges of
this river. In order to better predict impacts of future cli-
mate change, knowledge of the past is essential. Therefore,
the utility of freshwater mussel d18Oar values as a proxy for
past d18Ow and extreme discharges of the river Meuse was
investigated.
It has been found that in the Meuse there is a logarithmic
relationship between discharge and d18Ow values. Fur-
thermore, unionid freshwater mussels recorded ambient
d18Ow values in the d
18Oar values of growth increments in
their shells, suggesting that past d18Ow values and Meuse
discharge can be reconstructed.
However, due to the logarithmic relationship between
discharge and d18Ow values, only low-discharge summers
could be detected qualitatively. Meuse low-discharge
events below a threshold value of 6 m3/s could be detected
in the d18Owr records. True quantification of summer dis-
charges was complicated by noise in both the relationship
between discharge and d18Ow values, and between unionid
d18Oar values and those of the river water. Quantitative
Fig. 8 a–c Reconstructed
(grey) and actual measured
discharges (black line) per
season. High-discharge
summers cannot accurately be
reconstructed and result in large
errors (e.g. 1917 and 1918 in the
Bergen shell). All low-discharge
events in the 1969 to 1977 time
interval can be reconstructed
from shell d18Oar values. The
timing of these events is not
always accurate; this is due to
the linear intra-seasonal age
model used here
Table 3 Statistics of correlations between measured and recon-
structed discharge
Shell Equation R2 p
Bergen 1918 Y = 3.92 X ? 76.0 0.082 0.036
Vierlingsbeek 1977 Y = 5.85 X ? 46.1 0.046 0.022
Waalwijk 1977 Y = - 0.085 X ? 43.7 0.007 0.565
Int J Earth Sci (Geol Rundsch)
123
reconstructions of past d18Ow values and Meuse discharge
might be realised by analysing many more samples (e.g.
30) from the same time interval than the three specimens
presented here.
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